Abstract. Despite the application of antibiotics, Streptococcus pneumoniae (SP)-induced meningitis continues to be a life-threatening disease with a high fatality rate and an elevated risk of serious neurological sequelae, particularly in developing countries. In this study, the contribution of the co-stimulatory molecule B7 homolog 3 (B7-H3) to the pathogenesis of experimental SP-induced meningitis was investigated. Mice were challenged with the intracerebroventricular injection of serotype 3 SP with or without B7-H3. The clinical status of mice with SP-induced meningitis was examined by body weight loss and spontaneous motor activity with neurological scoring. Coronal brain sections were analyzed by counting Nissl-positive neurons and terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)-positive cells. Protein expression of neuron-specific enolase (NSE) and S100B in brain tissues was examined with immunohistochemical staining. All experiments were performed in a randomized and blinded setting. By the intracerebroventricular injection of SP suspension, a murine model of pneumococcal meningitis was successfully established. In this SP-induced meningitis model, B7-H3 deteriorated the clinical status, as manifested by a decreased neurological score and increased body weight loss. Following the B7-H3 challenge, the number of Nissl-positive cells decreased and TUNEL-stained positive cells increased in the brain tissues of mice with SP meningitis, which demonstrates the enhancement of neuronal necrosis and apoptosis, respectively. Protein expression of NSE was decreased, while that of S100B was increased. These in vivo findings indicate that B7-H3 aggravates brain injury during the pathological process of experimental SP-induced meningitis.
Introduction
Despite treatment with effective antibiotics, Streptococcus pneumoniae (SP) meningitis remains a serious infectious disease of the central nervous system (CNS) with mortality rates between 16 and 37% (1) and neurological sequelae in up to 30% of survivors (2) . Therefore, further study of the pathological mechanisms of SP meningitis and the identification of new means of intervention has a great clinical significance. SP-induced meningitis can cause disruption of the blood-brain barrier (BBB), and most severely it can result in brain damage, which affects the prognosis of patients with SP meningitis. Emerging studies have demonstrated that necrosis and apoptosis of brain neurons occur while brain damage is taking place. Neuron-specific enolase (NSE) and S100B have been confirmed to be specific markers of brain damage (3) . B7 homolog 3 (B7-H3) is a newly identified member of the B7 superfamily, which serves a key function in the regulation of immune responses (4) . Our previous study (5) found an abnormally high expression level of soluble B7-H3 (sB7H3) protein in children with bacterial meningitis. In a murine model of SP-induced meningitis, we also demonstrated that B7-H3 further augmented the inflammatory response, exacerbated BBB disruption, and aggravated the pathological injury associated with the disease (6) . In order to investigate the impact of B7-H3 on brain damage during SP-induced meningitis, the present study examined the effect of B7-H3 on neuronal necrosis and apoptosis and the protein expression of NSE and S100B in brain tissues in a murine model of SP-induced meningitis.
Materials and methods

SP-induced meningitis in mice.
Pyrogen-free, 8-10-week-old BALB/c mice were purchased from SLAC (Shanghai, China Committee. In addition, the study was conducted in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Ageand weight-matched BALB/c mice were anesthetized by the intraperitoneal injection of 0.4 ml 1.8% Avertin. Pneumococcal meningitis was induced by the intracerebroventricular injection of 15 µl sterile normal saline (NS) containing 0.5x10 4 CFU/ml serotype 3 SP (American Type Culture Collection, Manassas, VA, USA) into the lateral ventricle as described previously (2) . Black ink (#440; Shanghai Fine Stationery, Co., Ltd., Shanghai, China) injection at the base of the skull was used to confirm that injected fluids were distributed throughout the cerebrospinal fluid.
Grouping and evaluation of clinical disease status. Mice were randomized into one of the following four experimental groups, and each mouse received an intracerebroventricular injection of 15 µl in total: i) Control group, injected with 15 µl normal saline (NS); ii) B7-H3 group, injected with 15 µl NS containing 3.3 µg recombinant mouse B7-H3 (R&D Systems, Minneapolis, MN, USA); iii) SP group, injected with 15 µl NS containing 0.5x10 4 CFU/ml SP; and iv) SP plus B7-H3 group, injected with 5 µl NS containing 1.5x10 4 CFU/ml SP and 10 µl NS containing 3.3 µg B7-H3. Mice were weighed, put into cages, allowed to wake up, and evaluated clinically at 18, 48 and 72 h post SP infection. The clinical disease status was examined by body weight loss and spontaneous motor activity. The following scores were used to assess spontaneous motor activity of mice as described previously (7): 5 points, normal motor activity and turned upright in <5 sec when put on its back; 4 points, decreased spontaneous activity, but turned upright in <5 sec; 3 points, turned upright in >5 sec; 2 points, did not turn upright; and 1 point, did not move or coma. At 18, 48 and 72 h post SP infection, mice were sacrificed by cervical dislocation. The brain of each animal was removed, and half of the brain was fixed immediately with 4% formalin for histopathological analysis and immunohistochemical staining.
Histopathology. Brain samples fixed with 4% formalin were routinely processed, and embedded in paraffin. Sections (4 µm) were cut using a microtome (Leica Biosystems GmbH, Wetzlar, Germany), and neuronal loss and cell apoptosis in the cortex were evaluated by Nissl and terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining (8) . Normal neurons were identified by the presence of Nissl bodies in the cytoplasm, loose chromatin and prominent nucleoli. Injured neurons were identified by the loss of Nissl bodies and cavitation around the nucleus. TUNEL staining using an in situ apoptosis detection kit was performed to investigate the apoptosis according to the manufacturer's instructions (Merck, Darmstadt, Germany).
Immunohistochemical analysis. Brain tissue sections (4 µm) were deparaffinized and rehydrated with graded ethanol. For immunohistochemical staining of NSE and S100B, goat anti-NSE (ab90473) and anti-S100B (ab41458) polyclonal antibodies (Abcam, Cambridge, MA, USA) were used at a dilution of 1:100, according to the manufacturer's instructions. Sections incubated with isotype-matched antibodies were used as the negative control.
Statistical analysis. All data are presented as the mean ± standard deviation. Levene's test was conducted for equal variances, one-way analysis of variance (ANOVA) for multi-group analysis, and the t-test for all other analyses. SPSS software, version 18.0 (SPSS, Inc., Chicago, IL, USA) was used to conduct the analysis. P<0.05 was considered to indicate a statistically significant difference. Fig. 2A ) and body weight loss (Fig. 2B ) compared with NS-injected mice. Moreover, the combined treatment of mice with SP and B7-H3 further exaggerated the severity of the disease with significantly decreased spontaneous motor activity and increased body weight loss (P<0.05 in comparison with that in the mice challenged with SP alone; Fig. 2 ). B7-H3 alone did not affect the clinical disease status (Fig. 2) .
Results
Mouse
Nissl staining. To determine whether B7-H3 exacerbates the neuronal injury in SP-induced meningitis, brain tissue cytoarchitecture was evaluated using Nissl staining. The results revealed marked damage in terms of cell death in brain tissues between 18 and 72 h after SP infection. The majority of the damaged neurons exhibited shrinkage with condensed nuclei and sparse Nissl bodies (Fig. 3) . Moreover, more damaged neurons were observed in the SP plus B7-H3 group compared with the SP group (Fig. 3) . Quantitative data demonstrated that the numbers of Nisslpositive cells were significantly decreased in the SP group at 18, 48 and 72 h post SP infection, and this effect was further augmented by B7-H3 administration (P<0.05 vs. SP alone; Fig. 3 ). Immunohistochemical analysis of NSE and S100B expression. Having considered that NSE and S100B are biomarkers of brain injury in cerebral infections (9), protein expression of NSE and S100B was assessed in the brain tissues of SP-infected mice by immunochemical staining. While significantly decreased NSE-positive cells in brain tissues were observed at 18, 48 and 72 h after SP infection in the mice challenged with SP alone compared with the control group (P<0.05; Fig. 5 ), mice receiving a combination of SP and B7-H3 displayed further significant reductions in NSE-positive cells at 18, 48 and 72 h after SP infection (P<0.05 vs. mice challenged with SP alone; Fig. 5 ). SP infection led to increased protein expression of S100B at 18, 48 and 72 h after infection (Fig. 6) . Notably, a substantial further accumulation of S100B protein in the brain was evident in mice challenged with a combination of SP and B7-H3 at all measured time-points (P<0.05 vs. mice challenged with SP alone) (Fig. 6 ).
Discussion
SP infection resulted in significantly decreased expression of NSE at 18, 48 and 72 h post SP inoculation, and combined SP and B7-H3 challenge further reduced NSE expression levels when compared with that induced by SP infection alone. The expression of S100B was substantially increased in SP-infected mice, and was further elevated in the mice treated with SP and B7-H3. Furthermore, similar expression levels of NSE and S100B were observed in the B7-H3 group and the control group. These results indicate that SP infection results in neurological damage, and that the administration of B7-H3 does not cause neurological damage directly but aggravates SP infection-induced brain injury. NSE (γ-enolase) is a stable cell-specific isoenzyme of the glycolytic enzyme enolase, a dimer protein consisting of α, β and γ subunits. In the brain, NSE is concentrated exclusively in the cytoplasm of neurons (10) and has been suggested to be a specific serum marker for neuronal damage. In the results of the present study, the reduction of NSE expression in the brain tissues of the mice treated with SP plus B7-H3 may reflect the following: i) NSE is primarily localized in the cytoplasm of neurons (10) and is not secreted; thus, an increase in its levels in the CSF or blood indicates structural damage of neuronal cells (8) ; ii) The number of existing functional neurons in the brain tissues that are available to be stained as NSE-positive by immunohistochemical analysis is markedly decreased due to apoptosis or necrosis caused by multiple factors exerting injurious effects, including exacerbated inflammation in (5), oxidative stress, lipid peroxidation, mitochondrial damage and BBB breakdown (1) . Further reductions in NSE expression in brain tissues in response to combined SP and B7-H3 challenge indicate a greater degree of neuronal loss and structural neuronal damage, which is consistent with our previous study where it was identified that B7-H3 exacerbated the SP infection-induced proinflammatory response and BBB disruption (6) . S100B belongs to the multi-genic family of Ca 2+ -binding proteins and is abundant in astrocytes, where it is found diffusely in the cytoplasm and is associated with membranes and cytoskeleton constituents (12) . Extensive evidence indicates that S100B in high levels (micromolar) may contribute to the severity of and neurological damage during bacterial meningitis (13, 14) . As a biomarker that indicates damage or dysfunction of the CNS (15), S100B levels could be used as an additional monitoring parameter in CNS infection (16) . In the present study, the significantly higher level of expression of S100B in brain tissues in the B7-H3 plus SP group compared with that in the SP group indicates that B7-H3 aggravates SP infection-induced neurological damage, since elevated S100B expression reflects an ongoing cellular injury (specifically of astrocytes) (17, 18) . Furthermore, persistent increases in S100B may have a neurotoxic effect by inducing apoptosis, causing the release of proinflammatory cytokines as well as nitric oxide from astroglial cells, and exhibiting detrimental effects on neurons (13, 19) . Consistent with the dynamic changes of S100B expression, a greater amount of neuronal apoptosis and/or loss in the brain tissues, and a worse clinical status were observed from 18 to 72 h after SP infection. Administration of B7-H3 exacerbated SP infection-induced apoptosis or loss of neurons and clinical status, demonstrating that B7-H3 plays an important role in the pathological process of SP-induced brain injury.
A number of studies have demonstrated that neurons in the CNS undergo apoptotic cell death during SP-induced bacterial meningitis (20) (21) (22) (23) . Consistent with this, the B7-H3-amplified cell apoptosis and neuronal loss as demonstrated by TUNEL and Nissl staining in the present study are also associated with deteriorated clinical disease status. Challenge with B7-H3 caused a further increase in apoptotic cell death and increased the severity of disease with significantly impaired spontaneous motor activity and increased body weight loss in SP-infected mice. Thus, these in vivo data indicate that B7-H3 not only amplifies the SP infection-initiated expression of neuronal (NSE) and glial (S100B) markers, but also results in aggravated cell apoptosis in the CNS, suggesting that B7-H3 plays a detrimental role in the development of SP meningitis and its intracranial complications.
SP is recognized by antigen-presenting cells binding to Toll-like receptor 2 (TLR2), one of the main pattern recognition receptors that lead to the activation of NF-κB (6, 24) contributing to the transcription of numerous genes involved in the pathogenesis of SP meningitis, such as tumor necrosis factor-α, interleukin-1β (6), inducible nitric oxide synthase, and intercellular adhesion molecules (25, 26) . Our previous study (6) demonstrated that B7-H3 participates in the development of SP infection-induced bacterial meningitis by amplifying the inflammatory response and exacerbating BBB disruption through a TLR2-dependent mechanism. Consistent with the above findings, the present study demonstrates that the administration of B7-H3 leads to increased cell apoptosis, upregulated S100B expression and downregulated NSE expression in brain tissues, which are probably associated with the ongoing loss of neurons.
In summary, the present study documents a critical role of B7-H3 in the pathogenesis of neuronal injury in a model of SP meningitis. As part of a series of studies on the effects of B7-H3 on the development of SP meningitis, these results may contribute to further understanding of the factors involved in the pathogenesis of brain in bacterial meningitis, and may have further clinical implications. Other adjunctive approaches targeting B7-H3 may be useful for altering the outcome of SP-induced meningitis.
